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INTRODUCTION 


Task four of the "Separation Sequence Error Analysis" has been completed. The 
results, presented herein, are based on inputs listed in a September 4, 1964 
letter from L. E. Beardslee (GE-RSD) to Donald C. MacLellan (MIT). Any deviation 


from those inputs will be pointed out in this report. 


The parameters of particular interest in a error analysis are those that can 
be controlicd most easily. In this study, c.g. offsets, products of inertia, 
tip-cff errors, and nominal spin rate have been varied to find the relative 
importance of each on the accuracy of the mission, Since ro requirements have 


been placed on maximum or minimum apogee altitude acquired from the final initial 


conditions agreed upon, a parametric study has been made showing the relative effect 


of varying each parameter, Assumptions, which will be discussed, have led to 


suggested tolerances on the controlled parameter, 
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The followiny conclusions and recommendations are drawn from the investi;ation 


* 
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, deseribed herein, and are based in part ona somewnat qualitative set of end 

+ conditions specifications assumed »y the General Electric Company. 
ce : 
2 1, The nominal spin rate following separation should be no less. than 10 RPM 
A, - 

2. Tolerances on center of gravity location should be no more than. 4 ine 

& 
Ra in any direction. 

3 th 7 : . ~ e : 

‘ 3, Products of inertia should not exceed 1% of the pitch moment of inertia. 

i 

: 4, Tip-off errors upto 3/4 degree do not seriously degredate the fliznt 

G 
4 results, 

¢ 
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DISCUSSION OF RESULTS - 
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In the rocket data received from Thiokol, three, thrust-time histories were 
given for a range of soak temperatures. The three cases have equal total 

t 
impulses but the time histories differ. One run was made for each temperature 


considering all tolerances zero, thus isolating the effects of temperature. 


The apogee altitudes for the three temperatures are: 


Temperature (Deg) ' Apogee Altitude (NM) 
0 12,289 
60 12,343 
120 12,333 


There seems to be no consistant trend in the results for increasing temperature, 
and the magnitude of the differences will be seen to be small relative to those 
differences due to tolerances. Other sesuite from the three temperature runs 
are shown in table #3. For the remainder of the study the 60 degree thrust 
data (nominal temperature) ‘has been used with tolerances applied to it. Other 


input data and tolerances not considered variables of the study are shown in 


table #1. 


Throughout the study, apogee altitude has been the parameter used in making all 
comparisons between cases, Apogee altitude is measurably dependent on the variables 
being considered and is one of the orbit parameters of primary interest. Other 


parameters of interest (mean and one sigma after 40 runs) are given in table 3. 


Definition of cases 0 through 10 are shown in table 2. Discussicn of parameters 
j 
other than apogee altitude is presented in a later section, 


It was determined that forty perturbed runs, in most cases, were sufficient to 
acquire a reasonably stable value of apozee altitude mean and standard deviation. 
Cases in which the mean apogee altitude didn't settle to a stable value had 


standard deviation too high to be considered for successful flight tolerances. 


The first case considered, Case 0, had zero edictances on center of gravity 
offset, products of inertia, and tip off errors, and a spin rate of 180 RPM: 

The mean apogee altitude and one sizma deviation obtained from this case will 

be used as "base" results, The standard deviation of any case including values 
other than zero for the variables under study, should be greater than the "base" 
standard deviation. The relative magnitudes of these deviations will be a good 
measure of each parameter's importance and the tolerances to which each should 


be limited. ' 


Figure 1 shows the history of mean apogee altitude and one sigma deviation as a 
function of the number of runs. The standard deviation and mean are both quite’ ° 
Stable after forty runs in this case. The "base" one sigma value is 265 nautical 
miles and the mean apogee altitude is 12,325 nautical miles. In order to determine 
the significance of these "base" values the distribution about the mean value should 
be investigated, Figure 2 shows the EiGueney dincribution and the accumulative 
distribution of the 40 runs. The distribytion ie close to a normal distribution 
(not noticably skewed) with the mean value falling near the middle of the 
accumulative number of occurkence’. The probability of being either higher or 


~ 


lower than the mean can be considered the same. The usual definition of one 


sigma tolerances is that the range of values included in the mean ££ 10° 
al 
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should include 68% of the runs. It can be seen from the accumulative number 

of occurrences in figure 2 that the mean £10 includes approximately 27 of the 

40 runs made (67.5%). This is a further indication that 40 runs were sufficient 

to define the mean and sigma values. This close correspondence with a normal 
distribution suggests that a means of determining the accuracy of the distribution 
would be to note what peccent of the 40 ring falls within the mean £ one sigma 
range. If the percent strays far above the normal 68%, it would indicate that 

the one sigma tolerance is too large and hasn't settled to a steady value yet. 

The higher the percentage goes , the further away from a meaningful one sigma 
value we become. A high percentage will not, however, prohibit using those results 


to some advantage. 


Now that "tase" values exist, tolerances are applied to the controlled parameters. 
The initial selection of tolerances was based on engineerinz judgement of manu- 
facturing tolerances which would not be unreasonably difficult to maintain, Those 
selected are; 

% inch C.G. offset 

1% products of inertia ‘ 


& degree tipoff error 


All are taken te be three sigma values. The products of inertia are given as 
percent of pitch and yaw moments of inertia. In addition a 180 RPM spin rate 
was used, Figure 3 gives a per run history of mean and one sigma values of 
apogee altitude. After 40 runs, the standard deviation is 302 nautical miles, 
and the naa apogee altitude is 12,244 nautical miles. 

The standard deviation, as expected, is larger than the base vaiue and the 


‘ 
mean apogee altitude is slightly less than the base value. The mean + one 


sigma contains 65% of the 40 runs, 
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Although it is not immediately evident, it will be seen as the study progresses 
that an increase in any of the controlled tolerances, with the exception of 
tipoff error, tends to decrease the mean apogee altitude. The reason is that 
increased C.G. offsets, products of inertia and lower nominal spin rates 


decrease the effective thrust in the desired direction. 


The mean and one sigma results of case 1, compared with case 0 are believed 
to be acceptable. The remaining cases studied will have higher tolerances than 


Case l., 


Cases 2 and 3 have respective spin rates of 120 and 60 RPM. The other controlled 
variables remain the same as in case l, In figure 5, corresponding to case 2, 

the standard deviation per run history is less stable than either of the first 

two cases considered, The final value after 40 runs is 379, appreciably higher 

than base value of 265, and the mean is down to 12,007 N.M. The percantage of the 
runs following within mean + one sigma (figure 6) is still 67.5%. Thus the accuracy 
of the standard deviation is considered to be realistic but the magnitude is be- 


coming larger than may be desired, 


Case 3 (figures 7&8) indicate that a spin rate of 60 RPM is =~." of the question. 
The means one sigma range contains 82.5% of the runs indicat:;.2 that standard 
deviation has not yet stabilized, This is obvious also from figure 7. Even 
though the standard deviation of 2,695 NM is not accurate, the variations in 


apogee altitude occurring should not be tolerated since much greater accuracy is 


available with higher spin rates, 


Figure 8 indicates that 6 of the 40 runs attained apogee altitudes of less than 
5000 nautical miles and of these, 3 were under 3000 nautical miles, It was 
ascertained that for any combination of C.G. offsets, products of inertia ard 
thrust misalignment, the spin rate of the vehicle during thrusting would increase 
or decrease depending on the particular combination. This was found to be true for 
all the cases studied. The initially low spin rate of case 3 combined with a 
"despin" combination of variables, in some cases forced the spin rate to zero 

and tumbling resulted. The thrust was then bate applied in many directions, 

at times cancelling itself, and a very low apogee altitude resulted, In case l, 
decreased spin rates of the same magnitude as case 3 occurred but because of the 


initially high rate, the final rates ncver 7 came low enough to cause tumbling, 


Based on C.G. offsets, products of inertia and thrust misalignments, the spin 
rate would be expected to decrease as many times as it increases, Based on the 
modified Euler equations used, which include the effects of inertia changes, a 


majority of the final spin rates are higher than those at thrust initiation. 


Cases 4 and 5 have three sigma offsets of 1 and 1.5 inches respectively and a 
nominal spin rate of 180 RPM, The results of these two cases are shown in figures 
9 through 12, The 1 inch C.G. offset limit produced tolerable results but the 

1.5 inch tolerances is unacceptable. One of the forty runs in case 5 despun itself 
completely and tumbled, causing a very low apogee altitude and a drastic jump 

in the standard deviation. Since the high value of standard deviation after 40 


runs (1146 NM) was caused by only one widely differing run, 
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the possibility existed that the one run used a rare combination of tolerances 
which wouldn't oreie maets in many runs. this ecutd result in a one sigma 
deviation of about 500 NM which was being apovoached prior to the large jump. 
To eliminate this possibility, case 10 ae run Ravi all the same tolerances 
as case 5 except for tipoff error (which will be found later tc be quite 


insignificant). The results (figures 21 & 22) show that in an additional 


40 runs, one was very low, similar to the one in case 5. Again the one sigma 


deviation jumped from about 500, and after the 40 runs was 1406 NM. The mean 


apogee altitude in both cases was about 1h,750 NM. 


Cases 6 and 7 have products of inertia of two and three percent respectively. 
Based on the results (figures 13 through 16) Products of inertia equal to two 
percent of the pitch moments of inertia are acceptable, while an increase to 


three percent is not, 


Three sigma tolerances on tipoff error were varied in cases 8 and 9. The rest 

of the controlled variables are still the same as they were in case 1. A ¥ 

degree tipoff tolerance, (case 8) as Sapowed to % degree in case 1, resulted 

in a one sigma deviation of 313 NM. A 3/4 degree tolerance(Case 9) increased 

the one sigma deviation to 328 NM. It is concluded that tipoff error of the 
magnitude considered, is not as significant a parameter as the others investigated 


in this study. : 


Figures 23 through 26 show a comparison of the results in mean and one sigma 


apogee altitudes for each controlled variable considered. 


a et 


Based on the results presented above, an initial spin rate of 180 RPM is 
strongly recommended. In addition, if ee Vite ektete on maximum spin 

rate allowable, it would be worthwhile (gueeripartag the possibility of 

biasing the thrust vector - C.G. offset -product of inertia combination to 
assure that the vehicle spin rate always increases rather than decreases during 
rocket firing. Since the vehicle must be despun at the end of the maneuver, 
the disadvantages of the biased Gueseutee ney outweigh the advantages. If 

this is the case, C.G. offsets and products of inertia should be kept to a 
minimum. The three sigma values used in case 1 provided dependably good results. 
If these tolerances cannot be maintained, the effect of increasing either 
separately is available. The effect of facteasine both at the same time is 

not known and cannot be determined from the cases considered in this study. 


Tipoff errors affect the standard deviationof apogee altitude but do not 


noticably affect the mean apogee altitude. 


The other orbit parameters studied had the following general results for the 


eleven cases considered, 


Perigee altitude, unlike apogee altitude had only slight variations for the 
cases considered. The one sigma variation, in all but two cases, was less than 
one nautical mile. The mean was always, over 1500 nautical miles, except for 


the same two cases. The two that differed were cases 2 and 3. 


The “base'' mean semi-major axis was 10,353 nautical miles with a corresponding 


one sigma deviation of 133 nautical miles. Case 3 had a mean semi-major axis 


of only 8717 nautical miles and a one sigma deviation of 1357. 


Leet 


All the other cases had mean semi-major axes greater than 10,000 nautical miles. 


The eccentricity for the base case was .523 with a standard deviation of .0061, 
Case 1, the recommended tolerances, had a mean eccentricity of .520 with a 

standard deviation of .0069, The other cases, with the exception of case 3, 

has eccentricities above .5. 

Orbit inclination, and apogee latitude had sens little dependence on the controlled 
variables. The orbit inclination was 32.3 degrees and the apogee latitude was 

32.0 degrees north. Apogee longitude, on the other hand, shows some dependency. 
The base value was 135 degrees with a one sigma deviation of 1.1 degrees. The 
other cases had mean longitudes up to 137.5 degrees(148.2 for case 3) and standard 
deviations up to 5.9 degrees (15 for case 3), Case 1, the recommended tolerances, 


had a mean longitude of 135.5 and a standard deviation of 1.6 degrees, 


The time it takes to reach apogee for base conditions is 220 minutes-just half of 
the orbit period of 440 minutes, An increase of contrclled tolerances decreases 
the orbit period slightly. The minimum mean period, occurring in case 3, was 
343 minutes. .- All other cases had periods of more than 420 minutes. The time 

to the ascending node is 46 minutes with tolerances equivalent to those on 


period and time to apogee. ’ 


Using the three-sigma tolerances of case 1, two other cases were run. The first 
one assumed a nominal cone minute coast period between separation and rocket 
ignition. The coast period was five seconds in cases 0 through 10, The second 
case assumed an initial elliptical orbit ranging from 100 nautical miles at perigee 
iautical miles at apogee. The orbit is inciined at 37.3 degrees to the 


equator, 


-10- 


Separation occurred at apogee, located over latitude 32 degrees south, 
longitude 4 degrees west. The nominal coast time was five seconds. The 


results of these cases are given in table 3. 


Appendix A contains the results of each run for all the cases considered in this 


Study. 


Prepared by je: E.. La 


L. E, Beardslee, Engineer 
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Variable Symbol Nominal 1 Sigina Units 
Orbit Inclination i 32.30 0.0 Deg 
Impulse I 21200,0 212.0 

Thrust Axial Ry 0.4833 0.0064 Feet 
Distance Normal (y) R2 0.0 0.002% Feet 
From C.G. Normal (z) Ry 0.0 0.0028 Feet 
Direction xX i, 1.0 0.0 

Cosines Y iy 0.0 0.0024 

of Thrust Z ip 0.0 0.0024 

Average Thrust fF 1308.64 0.0 Pounds 
Rocket Burn Time th 16.20 0.252 Seconds 
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